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Applications of Low Temperature, AC
Superconducting Magnets to Material Processing
Hirofumi Kasahara, Koji Fujioka, Shoji Taniguchi, Kazuyuki Ueno, and Shin-ichi Shimasaki
Abstract—Superconducting technology has conventionally been
used in magnetic separation using high DC field as its industrial
application. In the field of electromagnetic processing of materials
(EPM), on the other hand, it has a lot of advantages in the produc-
tion of high quality, high value-added materials, such as uniformity
in crystals, faster refining speed, facilitation of separation of inclu-
sions, and attracts considerable attention. In the present study, we
intended to lay a new path to industrial application of supercon-
ducting technology, and aimed at applying AC superconducting
technology to high AC field as is expected in EPM. We examined
thermal insulation technology regarding high temperature metals
and low temperature superconducting magnets, and showed a path
to solutions. We also designed magnets for applied stirring field,
and made a prototype of magnets in which effective countermea-
sures are adopted against the shape of magnets and electromag-
netic oscillation.
Index Terms—AC superconducting magnets, electromagnetic
processing of materials, rotation field, thermal isolation.
I. INTRODUCTION
A. Electromagnetic Processing of Materials (EPM)
In the area of manufacturing metallic materials, stirring of
molten metals has many advantages, such as uniformity in crys-
tals, uniformity in component density and temperature, faster re-
fining speed, facilitation of separation of inclusions, and it has
applied to various production processes. Gas blowing for stir-
ring is the most widely used method, but it still has problems of
stirring controllability and gas nozzle wear. On the other hand,
electromagnetic stirring is advantageous in that it does not cause
any problem in pollution, wear, heat resistance, and so on, be-
cause of its good controllability and contactlessness.
Conventionally, EPM using DC and AC fields with copper
magnets, and ones using DC superconducting magnets have
been studied, and some of them have come into practical use.
One of the examples of such practically used EPM is the electro-
magnetic brake of continuous casting machine using DC copper
magnets. However, the amount of current is limited in these
copper magnet windings because of heat attributed to resistance
loss, and, therefore, a large magnetic field cannot be available.
Manuscript received September 20, 2005. This work was supported in part
by grants from the Japan Science and Technology Agency (JST).
H. Kasahara is with CRIEPI, Komae, Tokyo 201-8511, Japan (e-mail:
kasa@criepi.denken.or.jp).
K. Fujioka is with Cryoware Inc., Tsuchiura, Ibaragi 300-0066, Japan (e-mail:
GHH13176@nifty.ne.jp).
S. Taniguchi and K. Ueno are with Tohoku University, Sendai, Miyagi
980-8579, Japan (e-mail: s-tanig@material.tohoku.ac.jp; ueno@cfd.mech.
tohoku.ac.jp).
S. Shimasaki is with JST, Japan, on leave from Tohoku University, Sendai,
Miyagi 980-8579, Japan (e-mail: shimasaki@mail.kankyo.tohoku.ac.jp).
Digital Object Identifier 10.1109/TASC.2006.871335
Fig. 1. Example of the molten steel electromagnetic stirring facility.
In addition, one disadvantage is that large electric power equip-
ment is required.
An example of practically used EPM using AC fields is
ASEA-SKF, but this has similar disadvantages to the ones
described above. On the other hand, refrigerator cooling, DC
superconducting magnets, which do not use liquid helium, have
recently been put into practical use, and they have extensively
been adopted in research institutes and used in various studies.
In these magnets, the applied magnetic field is high, but the
domain that can generate magnetic fields is not so large, and
they have not yet reached the stage of practical use as an EPM.
Electromagnetic stirring has been applied to Al[1] and to
molten steel[2], and its effect has been confirmed. Fig. 1 shows
an example of electromagnetic stirring equipment to stir molten
steel. In this example, the coil is air-cooled, the inner diam-
eter of the magnet core is 1660 , and that of the ladle is
1000 . However, since conventional magnets were used,
the magnetic flux density was low. In addition, due to the normal
insulation structure using insulating bricks, thermal insulation
is required between magnets and molten steel, and they are also
away from each other.
B. AC Superconductor
The development of superconducting wires that can be used
even at commercial frequencies started in Japan and France in
the 1980’s. When superconducting technology is used in AC,
magnetic losses are generated, and how to reduce the AC loss
have extensively been studied. In addition, coils are required to
obtain AC fields, but electromagnetic force generated by high
AC current of superconducting wires and high AC fields may
oscillate superconducting wires, and mechanical heat loss may
be generated. How to cope with such loss has also been studied,
an AC superconducting coil was developed for our experiments.
Specifications of the AC superconducting magnets at CRIEPI
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TABLE I
SPECIFICATIONS OF AC SUPERCONDUCTING MAGNETS
are shown in Table I. AC magnets of more than 1.5 T up to 2.7 T
were produced in the early 1990’s.
C. Purpose
The purpose of the present study is to apply this AC super-
conducting technology to electromagnetic material processing.
To do this, we are required to study (1) the development of
insulation technology for high temperature metals at more
than 1000 and liquid helium cooled superconducting mag-
nets, (2) the assurance of winding and magnet construction
technology in which complexly shaped electromagnetic stir-
ring coils are wound with AC superconducting wires while
electromagnetic force is reduced and cooling is secured, and
(3) the estimation of whether it is established during constant
operation.
In the present study, we perform basic examinations of above-
mentioned problems.
II. THERMAL ISOLATION TECHNIQUES
Insulating bricks have conventionally been used to insulate
the ultra high temperature area at 1000 or 1500 and room
temperature. With these conventional insulating bricks and ce-
ramics insulators with very little air gaps inside, however, the
average thermal conductivity up to 1000 is approximately
0.1–0.05 W/mK. To insulate the temperature difference between
1000 and 100 with 1000 passing heat to the 100
side, 50- to 100-mm insulators were required. At 1500 , the
combination of insulating bricks and fireproof bricks has con-
ventionally been used. Heat resistance of insulating bricks is
high, but its thermal conductivity is larger than that of insulating
bricks and becomes more than 0.1–0.2 W/mK. As in the case of
1500 , to achieve the reduction of passing heat to 1000
at 100 (low temperature side), approximately 200-mm insu-
lators were required.
In this paper, we show that, unlike these conventional
methods, we apply vacuum insulation and radiation insulation
from high temperature region to ultra-low temperature region
and we can stir high temperature liquid metals by AC super-
conducting magnets with revolutionarily thin insulators.
With the vacuum insulation wall, thermal radiation becomes
the main method for insulation. The amount of thermal radia-
tion from 1000 (1273 K) reaches 150 in the case of
complete black bodies. Then, the radiation rate is adjusted to ap-
proximately 0.04 by evaporating metals on the surface facing the
vacuum insulation wall. In addition, 2 walls are set in a vacuum,
and the radiation rate for those surfaces is also adjusted to ap-
proximately 0.04. The synthetic value of the radiation rates of
these opposed surfaces becomes 0.02. If the number of walls is
N, the radiation volume can be reduced to . Therefore,
with , the amount of passing heat
can be reduced to 1000 . That is, the vacuum insulation
wall can be made with approximately 10 mm! In this case, syn-
thetic fused silica is used as a material of the wall for the high
temperature side up to 1000 . Furthermore, if the temperature
is 1500 , ceramics such as high purity alumina, zirconia, and
silicon nitrides can be used.
If molten metals are assumed to be light metals and steel, it
is necessary that they should cope with 1500 . The energy of
thermal radiation in the case of 1500 reaches 560 .
To control this to 1000 to the low temperature side, 10
walls are required to be arranged in a vacuum. For the surface
condition of the wall, the radiation rate is adjusted to 0.02 in
the same way as stated above. The amount of passing heat is
estimated to be . The
thickness of the vacuum insulation wall was estimated to be 10
mm at 1000 , and the breakdown was assumed to be 4 mm
for the wall for the high temperature side, 3 mm for the wall for
the low temperature side, and 3 mm for the vacuum layer. This
means that 2 radiation insulation walls are to be arranged within
3 mm. From this, it is estimated that, when 10 walls are arranged
in the vacuum at 1500 , the thickness of the vacuum layer
should be approximately 13 mm, and that as many as 23 mm
altogether should be enough for insulation
We develop these ideas further, and examine whether or not
we can directly insulate from the melting temperature of high
temperature metals (below 1000 for aluminum and 1500
for iron) to the liquid helium temperature .
A. 1000
Fig. 2 shows a schematic diagram of insulation in the case of
1000 . Five walls are installed sequentially from the high tem-
perature side (inside) in the vacuum layer. In addition, 2 other
walls are installed outside of them. Arranged outside of those
walls is a liquid helium tank having superconducting magnets
built-in. For the surface condition of the first 3 walls, the radia-
tion rate is adjusted to below 0.04 in the same way as stated in
the last section. The surface condition of the last 2 walls are also
adjusted in the same way, but they are arranged so that they may
be connected with a suitable position of the neck tube through
which helium gas evaporates and is exhausted from the cryostat.
The cold helium gas which flows inside the neck tube cools the
wall surface of the tube, and further draws heat which is con-
veyed to 2 other walls connected there. When the position where
the walls are connected to the neck tube is determined, the tem-
perature of the wall will be determined by the balance of the
amount of heat coming from the high temperature side and that
is drawn. When the temperature of the last wall is set to below
170 K , the heat coming into the helium tank will be
around 1 . The heat transfer will be lower if another wall
is installed inside of this wall or if a multilayer insulation (super
insulation) used also in the usual cryostat is installed there. Since
this is a trade-off with the thickness of insulation, it is a value
that can be determined in the design of the insulation container.
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Fig. 2. Schematic diagram of thermal insulation form 1000 C.
When a total of 7 walls are installed in the vacuum layer, the
distance from the high temperature side to the superconducting
magnets of the liquid helium tank can be around 25 mm. In addi-
tion, in this case, several hundred of heat can be removed
by evaporating helium gas by the agency of 2 walls connected
to the neck tube, so the cooing by air forced convection, as ex-
plained in the previous section, is not necessary, and balances
as a system.
B. 1500
As in the case of 1000 , a balanced system with respect to
heat, in which the cooling by air forced convection is not nec-
essary, is available with the construction where 17 walls and
2 other walls connected to the neck tube are installed in the
vacuum layer. In this case, the distance from the high temper-
ature side to the superconducting magnets is estimated to be
40 mm.
III. MAGNET CONSTRUCTION TECHNOLOGY
A typical example of the technology using rotating fields is
an induction motor. However, more than 4 magnetic poles are
composed in a large-scale induction motor for industrial use in
order to minimize the leakage flux and improve its efficiency.
On the other hand, when it is used for electromagnetic stirring,
2 magnetic poles are composed, because penetrating magnetic
flux into molten metals is more efficient. Fig. 3 shows an ex-
ample of 3-phase 2-pole rotating field magnets.
Thus, the shape of coils becomes hexagonal. In this case, the
edge part (flexion part) needed to be bent with a small radius of
curvature of a few millimeter, winding may be heavily damaged,
and the damage in superconducting wires in particular may be
fatal. In addition, even in the straight part of winding of super-
conducting wires, the large electromagnetic vibrations are easily
Fig. 3. Rotating field-generating coils. (a) Expansion plan. (b) Exterior appear-
ance of coils.
Fig. 4. Ideal distribution of rotating field. (a) The cross-sectional arrangement
of coil. (b) The distribution field. (c) Temporal change of field.
caused by the influence of high current density and strong al-
ternating magnetic fields, which is less problematic in normal
copper wires. This leads to the rise in temperature, and, in the
worst case scenario, to quenching. It is difficult for coils without
winding bobbins to fix this straight part.
Although there are such difficulties, Prof. Tsukamoto et al.
tried developing all superconducting generators [3], [4], and
rated power generation has been successful.
In order to solve these problems attributed to the shape of
coils, we conducted an analysis of electromagnetic fields con-
cerning various shapes of coils, and examined the state of ap-
plied rotating fields and whether or not the production of coils
is easy. Fig. 4 shows applied rotating fields of an ideal hexag-
onal coil. Two-pole fields penetrate the central crucible molten
metal, and rotate along with the time change. However, the ar-
rangement of coils in such a shape is almost impossible in su-
perconducting wires for the reasons mentioned above.
Therefore, we designed the magnet shape, as shown in Fig. 5.
In this design, 3 coils are constructed in a circle at 120 degrees,
and this construction is realized in double layers to apply 2-pole
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Fig. 5. Rotating field-generating magnets. (a) The cross-sectional shape of coils. (b) The outline view of coils. (c) The distribution of rotating field. (d) Temporal
change of field. (e) Field distribution of superconducting wires.
penetrating magnetic fields. In this case, magnets in the outer
circumference were wounded more than those in the inner cir-
cumference to prevent imbalanced fields as much as possible.
In addition, as shown in Fig. 5(b), to avoid overlapping of mag-
nets, magnets in the outer circumference become also longer in
the longitudinal direction. One characteristic of this magnet is
that the racetrack-shaped winding bobbin is wounded for easy
winding.
As a result, electromagnetic vibrations in the straight part can
be prevented as much as possible, and, since there is no bent part
on the top and bottom edges as shown in Fig. 3(b), damage to
windings can also be prevented. Fig. 5(c) and (d) shows the con-
dition of rotating fields of this magnet shape. Slightly distorted
fields are observed around windings, but, in the same way as in
Fig. 4(b) and (c), uniform and steady rotating fields are realized
in molten metals in the crucible inside the insulation container,
which is inside the magnet and insulates ultra low temperature
and room temperature.
The maximum magnetic field which wires are subjected to
during the rated operation of magnets in this study is below
0.15 T, as is shown in Fig. 5(e). Wires used are those in which 6
superconducting wires of 0.3 mm diameter are twisted. The hys-
teresis loss of this cable is 120 at 0.1 T. During operation
at 50 Hz, the hysteresis loss of the inner racetrack-shaped coil
is approximately 0.2 W, and that of the outer racetrack-shaped
coil is 0.4 W. The overall hysteresis loss is approximately 2 W,
and it is estimated that the continuous operation is possible.
IV. CONCLUSION
As we have shown above, we believe that applying AC su-
perconducting technology to EPM is fully possible and that it
can further develop in the future. Our examination showed that
electromagnetic stirring using AC superconducting technology
was technically possible. In addition, for insulation technology
and superconducting winding technology, larger equipment can
be manufactured more easily than smaller one. This means that
enlargement for practical use is easier. In the spring of 2006,
we will conduct experiments using this equipment, whose re-
sults will be presented at EPM2006 (http://www.ics-inc.co.jp/
epm2006/indexa.html) in Sendai, Japan in October, 2006.
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